The use of a small digital computer to control a number of interactive physiological \'ariables is demonstrated. It is shown that by Illonitoring the values of end tidal per cent CO 2 , inspired O 2 percentage and mean arterial blood pressure, a computer-controlled system can regulate the ventilation and anaesthesia of an animal within fine tolerances. Similarly it is shown that hv controlling the infusion cif muscle relaxant, th'e integrated electromyogram of a muscle can be maintained at any desired level. The computer control system automatically allows for random disturbances in sYstem parameters in maintaining set levels (;f the controlled variables.
The system responds rapidly to changes in the desired level of variables, and prescribed time courses of variables can he followed. IXTRODCCTIOX Automatic (" Servo ") control of anaesthesia or ventilation is not new. Bickford in a series of papers (1949, 1950 and 195] ) described a system in which the electroencephalogram Nas used to automatically control the administration of an anaesthetic drug (di-ethyl ether or thiopentone Na) in such a way that a given plane of anaesthesia could be maintained.
Similarly Verzeano (195] ), and later Bellville, Artusio and Bulmer (1954) and Bellville and Attura (1957) described systems in which E.E.G. activity was processed and used to control administration of pentobarbitone sodium and cyclopropane respectively. In contrast t(, the methods of the above workers, Hakans~on and Malcus (1969) used an integrated electromyo-graph to control the administration of pentoharbitone Na during experimental work on the Herring Gull.
Single-loop analogue feedhack systems have been used in the past for ventilator control. Frumin and Lee (1957) maintained end tidal CO 2 at a set level by controlling the inflating pressure of their ventilator. Holloman et al. (1960) controlled end tidal CO 2 hy varying the amount of CO 2 in the inspired air. Both of these systems were of open circuit design.
:\Iitamura et al. (1971) worked with a semi-open system, controlling the average expired CO 2 over a number of breaths. Pearce (1971) maintained inspired CO 2 concentration hy adjusting the CO 2 absorber fraction in a closed system, the addition of oxygen maintaining the average system volume.
However, all the systems used by these workers, as outlined above, have basically concerned themselves with the control of a single variable. A trul~' versatile system for use in " general anaesthesia" in the broad sense, would need to be able to monitor and maintain control, simultaneously, of a number of physiological variables. Such a "multivariable" system, if capahle of accurate and flexible control, would have immediate application in the experimental laboratory, where it could be used to maintain a number of physiological variahles at constant values or to force them to follow a prescribed time course for example, during a physiological or pharmacological experiment. Similarh', we believe there are situations in clinicai practice (e.g. neuro-surger~', cardiac surgery, intensive care) where a versatile multi variable control system for anaesthesia and ventilation would be most useful.
In this paper, we describe the design and construction of such a S\'5tel11, in which a small electronic digital computer is used. The performance obtained with this system is presented. The system described is not represented in an\' way as the" ultimate" in such things, but we do believe that indeed it represents a "feasibilih'" demonstration and shows that such systems are designahle, buildahle, and workable.
Work is, of course, continuing in our laboratories to enlarge the number of physiological variables which can be controlled in this way, but it is hoped that this paper will stimulate others to participate in this very fruitful field of endeavour. Finally, in this section we remark that the system described in this paper has already been used in two series of physiological experiments, the results of which will be submitted for pUblication in the near future.
A system which will be realistically useful in general anaesthesia needs to have three attributes. These are:
(1) A means of providing controllable artificial ventilation.
(2) A means of giving oxygen in known and adequate amounts together with controllable quantities of analgesic/anaesthetic gases and vapours. (3) A controllable means of giving a muscle relaxant.
The system which we describe in this paper has all three of these attributes and in the first few sections we shall describe the hardware associated with their implementation. As we use an electronic digital computer for control purposes in this work, "controllable" as used above means capable of being controlled by an electrical signal produced by the digital computer.
THE VENTILATOR
The basic ventilator used in our work consists of a compressed air supply which after filtering and pressure reduction is fed to an electrically operated solenoid valve. This valve is one of a pair which are operated alternately from an electronic timing unit. High pressure compressed air is fed via an adjustable needle valve, to one side of a double bellows unit, the other side of which is connected into the anaesthetic system. The high resistance of this needle valve results in constant flow conditions being maintained during the inspiratory phase. During the expiratory phase this inspiratory solenoid valve is closed and a large bore expiratory solenoid valve is opened. This allows the bellows to exhaust to atmosphere with an approximately exponential flow waveform. The electronic timing unit is arranged so that basic respiratory rate, the duration of inspiration and expiration, and pauses at the end of inspiration can all be controlled by panel controls. Alternatively by activating small toggle switches from " manual" to " auto" any or all of these three timing parameters may be controlled by externally applied voltages in the range -10 v to +10 v D.e. The ranges of these timing parameters which are available are as follows:
(1) Respiratory rate 5-50 breaths/minute.
(2) Fraction of period in inspiration 10-70 per cent.
(3) Fraction of period in end of inspiration holding phase 0-50 per cent.
Similarly the high resistance needle valve, which controls the flow rate of air to the bellows during inspiration is operated by a small stepping motor arranged in a servo-system so that the needle valve opening is controlled by an applied voltage in the range -10 v to +10 v D.e. Again this voltage may be derived from a front panel control for "manual" operation or on switchir.g to " auto" from an externally supplied voltage.
The respirator timing unit also provides for an automatic "sigh". This sigh is provided by deleting the ventilator expiratory phase for 1, 2, 3, -1 or 5 successive breaths. The" sigh" can be switched to take place at intervals in the rang~ 10-60 minutes or switched off if not required. Such an automatic sigh is of course readily provided if external voltage control of the timing parameters is being used, simply by temporarily altering the control volt ages to delete expiration for a nominated time. Finally, we note that at present the expiratory valve exhausts the bellows directly to atmosphere but front panel space has been left to accommodate an end-expiratory pressure control unit which will enable voltage controllable positive or negative end-expiratory pressures to be provided. Although this feature has not been included at the time of writing, it is appropriate to note that b\' virtue of the construction of our double bellows system and the restoring forces associated with the bellows themselves, quite a range of positive and negative end expiratory pressures are available according to the volume range over which the bellows are constrained to operate. A schematic diagram of the ventilator is given in Figure 1 .
THE ANAESTHETIC MACHINE
The anaesthetic circuit is a circle S\'stem with CO 2 absorption and an "in circle ". halothane Vaporizer (Goldman). The inspiratory and expiratory valves, the absorbers and the rebreathing bag are standard commercial items. The notable features of this system are concerned with fresh gas admission and with the halothane vaporizer. Provision is made for O 2 , 1\20 and CO 2 to be admitted as fresh gases into the circle system. These gases, after suitable reduction to pressures of less than J U Ibs; square inch are led to needle valves, thence to rotameters for visual flo\\' monitoring and then mixed and fed into the circle system at the inspiratory valve. As in the ventilator, these three needle valves are servo-controlled b,· small stepping motors and so can be set' either manually b,' means of small precision helical potentiometers or on switching to " auto" by means of external control voltages. Although three" fresh gas" channels are provided at the present time, front panel space has been retained for a fourth channel should it be required at a later date.
Similarly, the halothane vaporizer is provided with a continuously variable by-pass valve so that a variable fraction (from none to all) of the circle gas can be sent through the vaporizer or diverted around it. This lw-pass valve is also operated by a small stepping motor arranged in a servo-configuration so that again the fraction of circle gas passing through the vaporizer ma,' be set manually with a small precision helical potentiometer or on switching to " auto", ma,' be set lw an external control voltage, .\lthough our system uses a Goldman vaporizer for halothane, of course am" "in the circle" vaporizer can be used.
. At the time of writing, Illanuall\"-operated rotary valves are provided for changing from rebreathing bag to the double bellows and for bypassing the CO 2 absorber. In the latter case, the degree of bypass is continuously variable and a rear shaft has been pro\'ided on this unit, so that it ma," be driwn by a servo-stepping motor at a later date if so desired, Finally", O 2 and N 2 0 bypass push buttons have been provided (colour coded, labelled and well-separated) for emergency use and in addition a solenoid-operated exhaust valve is provided, which exhausts the circle system to atmosphere, via a non-return valve, for flushing purposes. A standard spring-loaded" pop-off " valve is included as part of the expiratory valve assembly for safet\" and is used in the usual wa\' for "denitrogenation" or, in other circunistances, when a semi-closed system is required . . \s will be seen later, our normal mod~ of operation is a totally-closed configuration, with consequent conservation of expensive ana~sthetic vapour and more important perhaps, minimal exposure of personnel to "spilt" gases and vapours.
ELECTRICALL y -CO>:TROLL\BLE PARE:\TERAL MEDICA TIO>:
For the automatic injection of drugs (particu-lari\" intravenous injection of muscle relaxants) we make use of a syTinge mechanism in which am" standard Luer-Lok all glass syringe (from 1 ml to 100 ml) may he accommodated. A lead screw i~ driven by a stepping motor such that a nut, running Oll the lead screw depresses the s\Tinge plunger. The mechanics are quite standard, but the use of a stepping motor drive again enables a ven' flexible electronic timing circuit to actuate the stepping motor to give virtually am' desired injection rate. In fact the electronic timing unit, which is built into the base of the syringe drin' unit has 21 different pulsing frequencies available giving a time range of 1 () minutes to 200 hours for full travel of the plunger-depressing mechanism. In addition, a front panel button is provided which drives the stepping motor at full speed for priming connecting tubing etc., irrespective of the selected speed for normal operation. An automatic stop and alarm mechanism i,., provided, which is activated when the syringe is almost empty".
:'IIost important for our purposes, is the feature that allow,; external pubes to he supplied to drin' this stepping motor, or alternativel\", the feature which allows internally generated driving pubes to be "gated" off and on a..; required by an external control voltage. In either of the..;c two ways, we ha\"(.' complete automatic control of an injection regime, THE PHYSIOLOGIC\L Y.-\\{L\BLES ":'IIO>:ITORED ,\s will be realized from the above descriptions, we now have at our disposal a ventilator, an anaesthetic machine and a syringe drive mechanism such that virtually' all parameters of import-.~nal'sih:?sia and [l1iensivr Care, 1"01, /, So . . i, ,·/ugust, [Y73 ance associated with each of these are able to be controlled by the application of an appropriate control voltage (always in the range -10 v to +10 v D.e.). Before turning our attention to the contral system which will produce these control voltages, we need to decide which physiological variables we are interested in controlling. Of course, it is very easy to make out a list of such variables, but in doing so two requirements must be borne in mind. Firstly, the physiological variable concerned must be able to be controlled (strongly, if possible) by variation of one or more parameters at our disposal in the ventilator, anaesthetic machine or syringe drive. Secondly, the physiological variable concerned must be capable of being monitored continuously (or at least at frequent intervals) and for clinical purposes by a method which is non-invasive if possible, or at least minimallv invasive. Manv different choices are possible and will, in many cases, as in ours, be partially determined by what is available. For example ventilator tidal volume and fresh O 2 admission could be controlled in due course bv signals derived from indwelling CO 2 and O 2 electrodes respectively. However, such electrodes need to be placed in an artery and frequently become "poisoned" or rendered ineffective from fibrin deposition. Thus other techniques of monitoring these important gases should be considered and the relative advantages and disadvantages carefully assessed. The same considerations apply in all cases. The monitoring equipment and chart recorders are shown in Figure 2 . We list below, the variables which we are monitoring routinely at the time of writing.
Expired CO 2 Concentration
A Godardt " Capnograph " using the principle of infra-red absorption is used to monitor the partial pressure of CO 2 in the expired gas. A small needle placed in the stopper of a Cobb's elbow, samples gas from the anaesthetic circuit at the endotracheal tube by continuous aspiration at low flow, from whence it is delivered via narrow bore tubing (to avoid mixing) to the infra-red analyser. After analysis the sample is passed through a small CO 2 absorber and returned to the anaesthetic circle so that the integrity of the closed system is not compromised. Electronic circuitry is arranged to process the cyclic signal arriving on a breath by breath basis from the infra-red analyser and from this signal we derive Respiratory Rate, End-Expiratory per cent CO 2 and Mean per cent CO 2 , These three quantities are displayed on front panel meters and are available as electrical signals in the range 0-10 v D.e. for delivery to the computer and for recording purposes. The measurement of expired CO 2 concentration as a monitor of its arterial level is only justified in the absence of lung pathology etc. and in such cases other methods, such as indwelling arterial electrodes with their attendant disadvantages would have to be used.
Alcan Inspired O 2 Concentration
An electro-chemical fuel cell of improved design (patent pending) is introduced into the inspiratory limb of the anaesthetic circle and the electrical output, after elementary electronic processing, appears as a 0-10 v D.e. signal corresponding to 0-100 per cent 02' This signal is displayed on a front panel meter and is available for input to the computer and for recording purposes. Alarm circuitry is arranged to give an audible and visual alarm when per cent 02 falls below a specified level (set by a front panel control) in the range 18-100 per cent 02' Again, in the presence of lung pathology, blood dyscrasias, etc., inspired O 2 levels as a monitor of blood oxygenation would be unreliable and other methods (including O 2 electrode, photometric, etc.) would have to be used.
Bello1£'s Inflation
In order to control total fresh gas flow it is necessary to have a control signal available which represents the extent to which the rebreathing bellows is filled with gas. This is done by providing the moving septul1l of the double bellows with a "hrush" which makes contact with a linear potentiometer Illounted in the bellows unit. This potentiol11eter is energized from a low voltage D.e. source and so the potential of the moving contact is a direct indication of the instantaneous hellows position. Electronic processing produces signals in the 0-10 v D.e. range indicating prak expiratory position, peak inspiratory position, mean position and, hy difference, the tidal excursion. All these signals are available for control purposes etc., as before.
Arterial Pressure
Arterial pressure is monitored b,· a standard strain-gauge pressure transducer, 'attaclled via sterile, heparinized saline-filled connecting tUbing, to a needle placed directly in an artery. This has been convenient in our work, where we have been using sheep and where we have exteriorized the right common carotid arteries of all the animals heing used in this study. Clearly, a more conventional non-invasive (e.g. au tomaticall y-inflated s ph ygmomanometer) method could be used at perhaps some increase in clumsiness. Howe,'er, in the situations in which it is envisaged that this system would be useful, the necessih" of arterial puncture is not likely to be a disadvantage. The signal from the pressure transducer is again processed electronically to yield (1) Heart rate, (:!) Systolic pressure, (3) Diastolic pressure and (4) "Jlean pressure, all quantities being available as electrical signals in the range 0-10 v D.e.
Integrated Electromyogram
A free-running (about l/sec) pulse generator is arranged to deliver supra-maximal shocks via a coaxial needle electrode to a peripheral motor nerve. Electromyographic activity developed during the resultant muscular contraction is picked up by either a coaxial needle electrode or by a pair of Ag wire hook electrodes placed in the body of the contracting muscle. The resulting small potentials are amplified, rectified, gated and integrated to produce out a steady potential whose level reflects the electrical activity in the muscle. The gain is so arranged so tflat this signal is available in the standard 0-10 v D.C. range. A schematic representation of the system arrangement is shown in Figure 3 .
THE ELECTROXIC DIGITAL CmlPUTER
\\" e have seen in the preceding sections how a number of relevant physiological variables Illay be monitored to give standardized analogue electrical signals. Likewise we have discussed the ventilator and anaesthetic machine which can be controlled by standardized electrical control signals. It i~ now necessary to gi"e attention to the processing of signals representing the monitored "ariables, such that the\" ma,' be transformed into the correct signals for executing the control functions in the ventilator, anaesthetic machine, etc. It is in this aspect of the '\"(lrk that the capabilities of an electronic digital c<'mputer hecome paramount. Its speed, f1exihilit,· and capacit,· for multi variable processing arc \"lT~' significant attributes in this work.
The computer which we ha,"e used is onc which was speciall~" designed and constructed ill our Department for control applications. It is an 8 bit, 2K core machine, wich a core cycle time of 5·3 [Lsec. An 8 bit 2's complement representation of data has been found to be sufficiently accurate for the control tasks involved and the short word length has brought an obvious economy of hardware especially in AID and DIA conversions. There is a single AID converter, multiplexed to accommodate 8 parallel inputs while there are 8 DIA converters providing 8 corresponding analogue outputs. This computer has a number of other technical features which are valuable in control system calculations, amongst which are hardware ir,dexing, hardware multiply and hardware interrupt facility, the latter, in conjunction with a real time clock allowing control routines to be executed periodically. The computer and anaesthetic machine are shown in Figure 4 .
CONTROL STRATEGY
A block diagram showing the interrelationships between the monitored variables (actual outputs), the actuating variables and the set points is shown in Figure 5 . The ventilator tidal volume and fresh gas flow are controlled by computer service routines which are effectively " proportional plus integral" controllers. The ventilator tidal volume is basically controlled by the processed difference of endexpiratory CO 2 from its set point, whilst total fresh gas flow (02+N20+C02) is controlled by the processed error derived from the bellows potentiometer signal. Likewise, differential gas flow control on O 2 and N 2 0 is used, based on the error derived from the inspired O 2 signal. So far, in experimental work requiring added CO 2 (e.g. hypothermia), we have used a fixed tidal volume routine and arranged that the computer output from the channel which is processing error in expired CO 2 , controls the fresh gas flow of CO 2 ,
In the system which we describe in this paper, we control the administration of halothane, on the basis of arterial pressure. A system using this principle has been independently developed and described by Smith and Schwede (1972) . Such a strategy is, of course, only valid in the abseIlce of shock, hypovolaemia, etc. but is nevertheless a very useful technique in experimental physiology. Thus we are achieving basal analgesia with N20jOz and using halothane as a supplement, in an animal in basically good physiological condition. Under these circumstances, depth of anaesthesia assessed clinically or more precisely with EEG correlates well with depression of arterial pressure. Of course, in other cases, direct control from EEG as has been done by other early workers is entirely possible, although the necessity of processing signals at the micro-volt level means that interference, artefacts, etc. can be more troublesome.
The control strategy which we have devised for the administration of halothane is not of the proportional plus integral type outlined above, but is of the bang-bang type and includes an adaptive feature which takes account of the progressively falling requirement for volatile anaesthetic with time. This system was introduced because it was found that with proportional plus integral action, a severe limit cycle oscillation was set up, due to the comparatively long time delay in the halothane system. The bang-bang control, which is highly successful, used time-duration control. Anaesthetic vapour is introduced to the system periodically for a limited duration. Blood pressure is controlled by modifying the duration of administration according to the ('rror between the set point and actual blood pressure (either mean, systolic or diastolic as required).
At the commencement of an experiment a mean duration is set into the computer and incremental adjustments made about this mean, according to the error. However, the mean can be adjusted in order to allow for the varying demand of halothane in the course of the feature has proven successful in accommodating to all of these factors. Experience is still needed in deciding the basis for choosing the initial mean duration.
Hypotension can be readily maintained by the above technique. However, blood pressure tends to rise only sluggishly, even when the halothane vaporizer is turned completely off. experiment. Indeed, as time goes on, less and less halothane is needed to regulate to a given set point of blood pressure. The computer has been programmed to automatically adapt to this changing requirement, and it does this by varying the mean duration. There are several factors influencing halothane demand. A falling requirement has already been indicated, and comes about because of anaesthetic saturation and release from body tissues, principally fat. Other factors include size of subject, sensitivity to anaesthetic and the extent of hypotension desired. The adaptive Likewise, in the dosed gas system O 2 concentration may rise only slowly. If a large disturbance depresses blood pressure or O 2 concentration abnormally, a sluggish return could be dangerous. For these reasons as mentioned above a solenoid-operated non-return valve, exhausting to t he atmosphere and controlled from the computer has been installed. The valve is opened for a controlled period if either blood pressure or O 2 concentration falls below prespecified levels, and small amounts of gas (and hence halothane and N 20) escape from the circuit during each breath. Exactly the same strategy that is used for halothane is used for the automatic administration of muscle relaxant. Here again, the schedule calls for the injection syringe to be activated periodically (typically every 60 seconds) injecting muscle relaxant at a fixed rate and fixed concentration intravenously. The time duration of each of these periodic injections is varied according to the processed error between integrated EMG and its set point. We note here, that the integrated EMG is set to 10 volts by manual adjustment of the gain control, before any relaxant is given and this is taken as 100 per cent. We can then speak of controlling, for example, to 40 per cent. Again, an adaptive feature is included which takes account of changes in demand as time progresses.
EXPERIMENTAL RESULTS
The computer controlled system has been used in a large number of recovery experiments in healthy sheep.
Anaesthesia is induced either by intravenous thiopentone sodium (" Intraval") or by a gas mixture of N 2 0/0 2 and halothane, administered by face mask. The sheep are intubated by direct vision and forced respiration commenced. The maintenance anaesthetic used is halothane in a N 2 0/0 2 gas mixture; the anaesthetic circuit is totally closed.
For maintenance of constant set values of the controlled variables per cent CO 2 , per cent °2, B.P., and system volume, the system has proved invaluable. Steady values have been maintained for up to 5 hours, the variables being sampled every 2 seconds. The high degree of control by which mean B.P., per cent CO 2 , per cent O 2 and system volume are maintained within fine tolerances of the set levels under stead v conditions, is indicated in the early portio~s of the traces of Figures 6 and 7 .
To maintain the end tidal CO 2 at 4 per cent in Figure 6 and 5 per cent in Figure 7 , the tidal volume is continually changing throughout the course of the experiment, the respiration rate being held constant during this time at 20 breaths/min with an insp/exp ratio of 1 : 1·5. The system can respond to changes in per cent CO 2 set point very quickly, showing a slightly underdamped response. A change in the set point from 4 per cent to 5 per cent is shown at Tl, Figure 6 , the change back to 4 per cent was made at time T2.
A change in the desired inspired oxygen concentration takes slightly longer to take effect, due to the volume of gas in the system when the change is made. The set level has been changed from 40 per cent O 2 to 25 per cent O 2 at time T3, Figure 6 . Only N 2 0 will enter the system for a time until the new steady level is approached. At T4 the set level of 40 per cent is programmed. Gas is automatically flushed from the system since the existing N 2 0 in the closed system cannot diminish. The system is therefore made up with pure O 2 for a time until the new level is reached. The influence of the flushing procedure is evident on the system volume trace. Generally, the B.P. has been set within the range 75-95 mm Hg, which is below the mean B.P. of the resting animal (approx. 100 mm Hg).
The B.P. control program directs a proportion of the gases in the loop through the halothane vaporizer every 80 seconds, for a time depending on the value the B.P. has achieved from the last halothane addition 80 seconds previously. Every 5·3 min the program computes whether the actual B.P. has been consistentlv above or below the desired value, and re-adju~ts the basal halothane administration time to compensate. By this means, after a short settling time for the computer program to ascertain the basal halothane requirement of the particular animal, the B.P. is held constant. The basal requirement is found to diminish gradually during the course of an experiment, which is to be expected. For changes in the set point of RP. a delay of the order of J min in encountered before the E.P. responds. The RP. set point of 80 mm Hg, Figure 7 , was changed to 66 mm Hg at time Ta. The system responds with very slight overshoot indicating a predominantly second order system. At T5 the change back to 80 mm Hg was made. Reduction in the system halothane content, for this last transient, is achieved by expelling the gases via the "flush" solenoid valve. This procedure naturally influences the system volume as indicated in the lower trace, Figure 7 .
Interaction between the variables is minimal, the only exception being system volume which is momentarily affected when gases are expelled. However, this variable is onlv of secondarv importance compared to CO 2 : O 2 and B.P. The individual control loops compensate for disturbances very well. A control strategy of one variable based on the interaction coefficients of the others, could possibly improve further, the independence. Such cross-coupled control is being currently investigated.
L\utomatic control of integrated electromyogram to set levels, has been verified using both the masseter muscle and rectus muscle in the sheep. Csing background anaesthesia of either intravenous thiopentone sodium or halothane, the electromyogram response without muscle relaxant is adjusted to represent 100 per cent. The desired level is then set, typically in the range 50-10 per cent and the muscle relaxant is injected by computer command. The program injects a quantity of relaxant every minute, at a fixed rate, for a time depending on the level the IEMG has reached as a result of the previous infusion. Every -! minutes adaptive adjustment is made to the hasal injection time to compensate for saturation or potency change with degree of paralysis. Both gallamine triethiodide and d-tubocurarine chloride have been used successfulh' as muscle relaxants in these experiments. 'the controlled system responds somewhat sluggishly to a change in the desired level of IK\lG. Figure 8 , time T7, shows a change in the ref. point from 50 per cent to 20 per cent for the IEMG of the rectus muscle, gallamine triethiodide being the relaxant. The transition is made with no overshoot and the new steadv lewl is attained in 5 minutes. The relative anlOunts of relaxant infusion is indicated in the lower trace of Figure 8 . The histogram is a measure of the time "on" of the syringe drive during each minute interval. The area under the trace is a measure of the total quantity of relaxant given. CONCLUSIO,\i The s\"stem described desmonstrates that a number 'of interrelated physiological variables can be controlled in real time by a small on-line computer.
Desired steadv levels can be maintained for long periods of time, with much finer tolerances than is possible with manual control. Also smooth changes in any of the controlled variables can be made with anv desired time course.
The stability that i~ achieved with the system provides ideal conditions for investigation of one particular physiological variable, whilst other parameters are held constant. Two series of experiments are currently being carried out using this feature of the computer-controlled svstem .
. One program concerns the investigation of the effects of various muscle relaxant drugs on various muscles in the sheep*. Integrated electromyograms from a number of different muscles are used to monitor the differential effects of the relaxant. A steady regime of anaesthesia and forced ventilation is maintained by the computer system.
The other study involves deep hypothermia with cardiopulmonary bypass. Experimentst * A study being jointly carried out with Dr. N. :\f.
Cass.
t A study being jointly carried out with Dr. T. C. K. Brown, :\Iliss A. Shanahan andMr. P. Clark. Results from both these studies will be published in due course. on dogs are being undertaken to study the effect on temperature differentials (particularly in central nervous tissue) of slow and rapid cooling, with and without vaso-dilators. The system controls ventilation and maintains the animal's O 2 and CO 2 constant despite the large temperature change.
Using a digital computer as the main controlling element facilitates investigation of the system to be controlled, and allows changes in control techniques to be made by simply loading a new program. These features would not be available if an analogue controller were used. The programmable nature of the computer controller is the essence of its versatility. Many other biological variables could be investigated and controlled by this method.
